ABSTRACT: Background. Intensity-modulated radiotherapy (IMRT) is hoped to protect structures important for swallow function. We compared posttreatment swallow function in 7 pairs of patients with head and neck cancer treated with either IMRT or conventional radiotherapy (RT). Methods. Patients were matched on tumor characteristics. Swallowing function was evaluated with the modified barium swallow procedure pretreatment and at 3 and 6 months postcancer treatment completion. Swallows were analyzed for bolus transit times, bolus residues, laryngeal closure (LAC) duration, cricopharyngeal opening (CPO) duration, and oropharyngeal swallow efficiency (OPSE). Data were analyzed using multifactor repeated measures analysis of variance and adjusted for baseline function.
INTRODUCTION
Over the past 20 years, there has been an increase in the use of radiotherapy (RT) with or without chemotherapy as a primary treatment modality for cancer of the head and neck. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Although the primary goal of treatment is cure, a perceived additional benefit of this modality is the preservation of the organs of the head and neck, with the underlying assumption being that preservation of structure will result in preservation of function. 11, 12 The current literature on swallowing function in patients treated with RT with or without chemotherapy for cancer of the head and neck indicates that, despite preservation of the structures of the head and neck, swallow function is not maintained at normal levels after treatment. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Patients may experience significant functional abnormality during the first year posttreatment completion. Swallow motility disorders reported at frequencies of greater than 50% for patients treated with chemoradiotherapy to various sites in the head and neck include reduced anterior-posterior oral tongue movement, reduced oral tongue strength, reduced tongue base retraction, increased oral residue, increased velopharyngeal closure duration, reduced epiglottic inversion, slowed or reduced laryngeal elevation, impaired pharyngeal constrictor motility, increased pharyngeal residue, delayed pharyngeal swallow, and delayed laryngeal vestibule closure. 13, [15] [16] [17] 19, [25] [26] [27] Attempts have been made to minimize the amount of damage to normal tissues and hopefully reduce the adverse effects of chemoradiation on swallowing function. The intensity of the radiation beam can be modulated in order to decrease doses to normal structures without compromising the dose to the tumor. Intensity modulated radiotherapy (IMRT) is an advanced form of 3D conformal RT with the ability to precisely target and escalate radiation doses to the tumor while reducing radiation exposure to surrounding normal structures. 28 Initially studied in terms of its impact on salivary flow and xerostomia (the perception of "dry mouth"), IMRT has been successful in reducing damage to the parotid gland and preserving salivary flow. [29] [30] [31] [32] [33] [34] The impact of IMRT on posttreatment swallowing function has also been investigated. Preliminary work with tissue-sparing techniques indicate that patients demonstrate less severe ratings of dysphagia, significantly fewer days of tube feeding, increased oral intake, lower pharyngeal residue, and better oropharyngeal swallowing efficiency 35, 36 with little long-term impairment of swallow function. 37 There is particular interest in applying IMRT techniques to reduce the dose to structures specifically related to swallowing function, especially the pharyngeal constrictors, supraglottic larynx, and glottic larynx. [38] [39] [40] [41] [42] [43] [44] [45] [46] Investigators have found that mean dose to the pharyngeal constrictors, glottic and supraglottic larynx, and esophageal inlet are significantly correlated with aspiration and stricture formation, 41 reduced laryngeal elevation, and reduced epiglottic inversion, 39 and are predictive of longterm worsening of swallow function. 43, 45 Restricting the dose to the larynx and esophageal inlet expedites removal of nonoral feeding. 46 Few studies are available comparing the functional outcomes of patients treated with either IMRT or conventional RT, either with or without chemotherapy because of the lack of randomized clinical trials that directly compare the treatment methods. A number of studies have compared quality of life outcomes in patients treated with IMRT or conventional RT. 47 On various quality of life scales, patients treated with IMRT demonstrated better scores in the areas of salivary dysfunction, oral comfort, and global quality of life, 48, 49 appearance, chewing, and mood, 50 and physical functioning, swallowing, taste/smell, speech, and socialization 51 when compared with patients treated with traditional and 3D conformal RT. A single randomized controlled clinical trial comparing xerostomia and quality of life after IMRT versus conventional RT for patients with nasopharyngeal carcinoma indicated that IMRT was significantly better at sparing parotid gland function and improving quality of life during the first year after cancer treatment. 52 Although these studies demonstrate the advantage that IMRT provides in the realm of quality of life, none of them compare objective measures of swallowing function between treatment types. The purpose of this study was to compare posttreatment swallow function in 7 pairs of patients with head and neck cancer matched on tumor characteristics treated with either IMRT or conventional RT.
MATERIALS AND METHODS

Subjects
The study protocol was approved by the Institutional Review Board of Northwestern University. Subjects included 14 patients treated for head and neck cancer with either conventional RT or IMRT. Table 1 presents each patient's tumor site, tumor classification, age, sex, and treatment parameters. Seven patients with either treatment type (IMRT vs conventional RT) were matched on tumor site and disease stage, and on sex for 6 of the 7 pairs. Although it would be preferable to achieve matching on age as well as tumor characteristics, it was not possible to find matches on all these factors in our database.
Patients in the conventional RT group received 7 to 9 weeks of concomitant chemoradiation. Chemotherapy consisted of hydroxyurea, 5-fluorouracil (5-FU), and paclitaxel. Six of the patients in the conventional RT group received 5 cycles of chemotherapy, whereas the seventh with an unknown primary received 4 cycles. Conventional RT was administered BID at 20 centigray (cGy) per fraction to an average dose to the primary of 7035 cGy (range, 6000-7400). All patients received RT bilaterally to the neck. One patient with an unknown primary received a modified radical left neck dissection 6 weeks before beginning chemoradiation. No other surgical procedures were performed in the conventional RT group.
Patients in the IMRT group received 1 of 2 RT protocols with a number of variations in chemotherapy. The first RT protocol consisted of IMRT in 200 cGy per fraction doses once per day (QD) to a planned target dose to the primary of 7000 cGy. Five of the patients in the IMRT group received the QD protocol. Four of them had 2 to 3 cycles of concomitant cisplatin-based chemotherapy. The fifth patient received 3 cycles of induction chemotherapy consisting of cisplatin, docetaxel, and 5-FU followed by 3 cycles of concomitant carboplatin.
The second RT protocol consisted of IMRT in 150 cGy per fraction doses BID to a planned target dose to the primary of 7500 cGy. Two of the patients in the IMRT group received the BID protocol. Both received 5 cycles of concomitant chemotherapy consisting of hydroxyurea, docetaxel, and 5-FU. One of these patients also had 2 cycles of induction chemotherapy consisting of cisplatin, docetaxel, and 5-FU.
All patients in the IMRT group received RT bilaterally to the neck. One patient with an unknown primary received a right selective neck dissection 4 weeks before beginning his concomitant chemoradiation. Two patients in the QD RT protocol had surgery after completing chemoradiation. One patient required mandibular debridement for osteoradionecrosis; the other patient had a selective right neck dissection which yielded all negative nodes 9 weeks after completing IMRT.
Study protocol
All procedures were approved by the Institutional Review Board for studies involving human subjects at Northwestern University. Subjects were examined at 3 points in time: (1) baseline, before cancer treatment; (2) 3 months after cancer treatment completion; and (3) 6 months after cancer treatment completion. Posttreatment testing times were measured from the completion of all primary chemoradiotherapy.
At each evaluation point, subjects completed the following tasks:
Modified barium swallow procedure with videofluoroscopy.
The swallow study protocol included swallows of 3 mL and 10 mL thin liquid barium and 3 mL barium paste. Two trials of each bolus type were given. The videofluoroscopy studies were conducted in the lateral plane according to the procedure outlined by Logemann 53 in 1993 and recorded at 30 frames per second.
Xerostomia assessment (weight of stimulated saliva). Stimulated whole mouth saliva production (from all salivary glands) was quantified by taking the difference in the weight of a 4-3 4-inch sterile gauze pad before and after chewing for 2 minutes. 54 Weight was reported in grams.
Percent nutrition taken orally. Patients were asked to estimate the percentage of their nutrition that they take orally (based upon the number of calories taken orally vs the number of calories taken via tube feedings).
Data reduction
The main outcome measures were: oral transit time (OTT), pharyngeal transit time (PTT), percent oral residue, percent pharyngeal residue, laryngeal vestibule closure duration, cricopharyngeal opening (CPO) duration, and oropharyngeal swallow efficiency (OPSE). Videorecordings of the swallow studies were viewed in slow motion and frame-by-frame to obtain timing information to compute the swallowing outcome measures as follows:
OTT: the time in seconds it takes the bolus to move through the oral cavity, measured from the first backward movement of the bolus until the head of the bolus passes the point where the ramus of the mandible crosses the tongue base.
PTT: the time in seconds required for the bolus to move through the pharynx, measured from the time the head of the bolus passes the ramus of the mandible until the tail of the bolus leaves the cricopharyngeal region.
Approximate percent oral residue: estimated percent of bolus residue in the oral cavity after the swallow.
Approximate percent pharyngeal residue: estimated percent of bolus residue in the pharynx after the swallow.
Duration of laryngeal vestibule closure (LAC): the length of time in seconds the laryngeal entrance between the arytenoid and base of epiglottis is closed during the swallow.
Duration of CPO: the length of time in seconds the cricopharyngeal region is open during the swallow.
OPSE: the percent of the bolus swallowed (without residue or aspirated material) divided by total transit time.
OPSE is a global measure that describes the interaction of speed of movement of the bolus and the safety and efficiency of the mechanism in clearing material from the oropharynx while preventing aspiration. [55] [56] [57] Two research technicians shared the analysis of 42 videofluoroscopy recordings consisting of 297 swallows total for this study. Ten percent of these swallows were randomly selected for reanalysis by the same research technician who analyzed it originally and again by the second research technician as a measure of intrajudge and interjudge reliability. Average interobserver and intraobserver reliability for these judgments were 0.94 and 0.99, respectively.
Statistical analysis
Data were analyzed using multifactor repeated measures analysis of variance with radiation type (IMRT, conventional RT), evaluation point and matched pair as the factors, and baseline levels as covariates. Pairwise comparisons across the evaluation point were performed using post-hoc t tests. The dichotomous variable of 100% nutrition was compared between groups using Fisher's exact test. Analyses were performed separately for each of the 3 bolus types. Statistical significance was indicated when p < .05 and comparisons across the evaluation points were Bonferroni adjusted for multiple comparisons (p < .017). Statistical analyses were run using the MIXED procedure in SAS. 58 
RESULTS
There were no significant interactions among radiation type (IMRT vs conventional RT), evaluation point, and matched pair, so the main effect of radiation type and evaluation point were evaluated with data pooled across the other factor. Data for each of the 3 bolus types were analyzed separately.
Main effect of treatment group
The main effect of treatment group (IMRT vs conventional RT) was evaluated with data pooled across the evaluation point for each bolus type. Significant differences on the main effect of treatment group were observed for all measures except CPO duration on at least 1 bolus type. Table 2 summarizes the main effect of treatment group (IMRT vs conventional RT) for the significant bolus types and variables. Group means, SEs, and main effect p values are reported for data pooled over the evaluation point, adjusted for baseline levels. Patients treated with IMRT demonstrated significantly shorter OTT than did those treated with conventional RT on the 3 mL liquid bolus, and significantly shorter PTT on 10 mL liquid and 3 mL paste bolus types. Oral and pharyngeal residue were significantly reduced on the 10 mL liquid bolus for patients treated with IMRT. They also demonstrated significantly shorter laryngeal vestibule closure duration on the 10 mL liquid bolus. The patients treated with IMRT had significantly larger (ie, more nearly normal) OPSE on all 3 bolus types. Table 3 summarizes the main effect of the evaluation point (pretreatment, 3 months posttreatment, and 6 months posttreatment) for those measures with significant effects; data were pooled over treatment group, adjusted for baseline function, and analyzed separately for each bolus type for this analysis. Significant differences on main effect of evaluation point were observed for oral residue, pharyngeal residue, laryngeal vestibule closure duration, and OPSE.
Main effect of evaluation point
Patients pooled across treatment group demonstrated significantly more oral residue on the paste bolus at 6 months posttreatment when compared to baseline oral residue. They also demonstrated significantly more pharyngeal residue on the 10 mL liquid bolus at 6 months posttreatment when compared to pharyngeal residue at baseline and 3 months posttreatment. The increase in residues after cancer treatment was also reflected in significantly lower OPSE on the paste bolus at 3 and 6 months posttreatment when compared to baseline.
Patients also demonstrated significantly longer laryngeal vestibule closure duration on the 10 mL liquid bolus at 3 and 6 months posttreatment when compared to baseline.
Stimulated whole mouth saliva weight and percent nutrition taken orally were analyzed for the main effect of treatment group separately at each evaluation point. Saliva weight was adjusted for baseline levels. There was no significant difference in the level of saliva between the 2 groups at any of the evaluation points, although there was a trend for the IMRT-treated group to have slightly greater saliva weight (mean The number of patients in each treatment group who took 100% of their nutrition orally was also analyzed. Patients in both treatment groups were able to take all their nutrition by mouth at baseline. All the patients treated with IMRT maintained 100% nutrition by mouth at both the 3-month and 6-month posttreatment evaluations. For those treated with conventional RT, 86% (6 of 7) were able to take all nutrition by mouth at 3 months posttreatment, and 71% (5 of 7) were able to take all nutrition by mouth at 6 months posttreatment. There were no significant differences by treatment group in the number of patients taking all nutrition by mouth at any of the evaluation points.
DISCUSSION
The treatment of advanced head and neck cancer has evolved significantly over the past several decades, with a change from surgical intervention to RT to chemoradiation with or without IMRT. Difficulty swallowing is often the greatest complaint that patients have after their cancer treatment and the problem may persist for years. The purpose of IMRT has been to shape the radiation dose to protect structures critical to swallowing in an effort to reduce the negative impact of cancer treatment on swallowing function.
In our study of 7 pairs of patients matched on tumor characteristics and adjusted for baseline oropharyngeal function, we observed that patients treated with IMRT demonstrated shorter OTT and PTT, less oral and pharyngeal residue, shorter laryngeal vestibule closure, and larger OPSE within the first 6 months after cancer treatment. Patients treated with IMRT also demonstrated maintenance of 100% nutrition taken orally, although these differences were not significant.
Studies on oropharyngeal function after IMRT most often focus on xerostomia because IMRT is most often thought to avoid radiating the salivary glands in an effort to improve the swallow. The relationships among reduced salivary flow, xerostomia or the perception of "dry mouth," and swallow function are not clear. Patients with significantly reduced saliva production after RT have increased reports of perceived difficulty swallowing as well as dry mouth, needing water while eating, food sticking in the mouth or throat, and changes in taste. 39, 59 However, patients with objective improvement in salivary flow over time may still complain of xerostomia. 60 Reduced saliva weight does not correlate with slowed or inefficient swallow. Instead, reduced saliva weight seems to change the patient's perception of swallowing ability as demonstrated by studies on the relationship between xerostomia and quality of life. 47, 48, 51 Based upon the perception of impaired swallowing in the context of reduced salivary flow, patients will adjust their diet choices. 39, 59 Although the patients in this study treated with IMRT demonstrated a trend toward greater preservation of salivary function (larger amount of whole mouth saliva), the difference was not significant.
The observed differences in the swallow function of the patients in this study suggest that treatment with IMRT reduced damage to normal tissues, especially in the pharynx, and resulted in a speedier, more efficient swallow. Patients treated with IMRT also demonstrate a trend toward a lower incidence of reduced tongue base retraction, a disorder that is observed in nearly all patients treated with conventional RT. 61 Such a positive impact on actual swallowing function has been predicted by the research of those examining dose limitation to the pharyngeal constrictors, larynx, and esophageal inlet. 39, 42, 43, 45, 46 Despite the significantly more efficient swallow pattern demonstrated by these patients, those treated with IMRT still have difficulty swallowing after cancer treatment when compared to their pretreatment function. Patients pooled over treatment type and adjusted for baseline function demonstrated greater residues, longer laryngeal vestibule closure duration, and less efficient swallows which persisted at 6 months posttreatment completion. Patients are likely prolonging laryngeal vestibule closure in order to protect the airway in the presence of significantly increased pharyngeal residue. Although the level of swallow impairment after IMRT was not as great as after conventional RT, these patients still do not return to normal pretreatment levels of swallow function by 6 months after completing cancer treatment. This lack of return to pretreatment status after IMRT has been noted in other domains, such as quality of life and salivary function by other researchers. 37, 62 Oropharyngeal functional outcome at 3 and 6 months after completion of treatment for cancer of the head and neck may not reflect long-term function several years after treatment. Severe impairments of swallowing function have been observed years after completion of treatment with conventional chemoradiation, including reduced tongue control resulting in premature spillage into the pharynx, 22, 63, 64 reduced tongue base retraction, 65, 66 impaired pharyngeal contraction, 63, 64, 67, 68 increased vallecula and pyriform sinus residue, 22, 63, 66, 68 impaired epiglottic function, 63, 64 reduced laryngeal elevation, 65, 67 and reduced laryngeal vestibule and true cord closure. 65 Dysphagia has been reported to persist decades after treatment 67 and, in fact, there is evidence of continued deterioration of swallowing function for years after chemoradiation as a result of progressive fibrosis in irradiated tissues of the head and neck. 63, 64 It is not clear from this study that the functional advantage of the patients treated with IMRT at 3 and 6 months posttreatment can be maintained years or decades after completion of cancer treatment. Long-term follow-up of patients treated with IMRT for cancer of the head and neck is needed in order to understand fully the impact of IMRT on swallowing and other oropharyngeal functions.
There were a number of weaknesses in this study that may have influenced the results. Among these weaknesses are imperfect matches between subjects and use of induction chemotherapy in 2 patients in the IMRT group. Although we attempted to match subjects as closely as possible on tumor characteristics for this study, it was impossible to match each pair on site and stage of disease as well as TNM classification. For example, the conventional RT patients in pair 1 and pair 4 had larger tumors, whereas those in pair 5 and pair 6 had greater neck disease than their match in the IMRT group. It can be argued that the trend toward more advanced TNM classification in the conventional RT group in 4 of the 7 pairs could have skewed the results of the study to indicate greater swallowing dysfunction in that group.
Use of induction chemotherapy in 2 patients in the IMRT group may also have influenced the study results. Induction chemotherapy is used to reduce the size of the tumor before concomitant chemoradiotherapy with the aim of diminishing the amount of radiation needed for cure. In fact, the IMRT patient in pair 4 did receive a lower total dose to the primary (7000 cGy vs 7350 cGy) than his conventional RT mate. However, the IMRT patient in pair 5 received a greater total dose to the primary (7500 cGy vs 7050 cGy) than did his matched conventional RT counterpart. In a recent publication, Mittal et al 69 examined the effects of chemotherapy alone on oropharyngeal swallow in a small number of patients. Thirteen patients with head and neck cancer were evaluated preinduction and postinduction chemotherapy. Their assessment included percent of nutrition taken orally, food consistencies in diet, videofluoroscopy swallow evaluation, whole mouth saliva collection, quality-of-life questionnaire, and pain and oral mucositis scores. All patients were able to consume most foods and took 100% of their nutrition orally both preinduction and postinduction chemotherapy. Although a number of swallow measures worsened, no statistically significant differences were observed in diet, quality of life measures, pain, or saliva weight, or in most temporal swallow measures. In this small group of patients, induction chemotherapy alone did not significantly positively or negatively alter swallowing physiology and salivary secretion, although the trend was toward worsening oropharyngeal function after induction chemotherapy. The results of that study suggest then that use of induction chemotherapy in the 2 IMRT patients in this study did not necessarily place them at a functional advantage over their match in the conventional RT group.
The goal of nearly normal swallowing function in light of cure after treatment for cancer of the head and neck has not yet been realized. More research is needed in order to determine an effective method of returning patients with head and neck cancer treated with chemoradiation to full function. The retrospective nature of this study and the small number of patients involved are weaknesses that could be addressed in the future. In addition, potential avenues for future research include further refining the cancer treatment as well as examining posttreatment intervention techniques, especially investigating swallow therapy in terms of type and timing in order to reduce oropharyngeal dysfunction in patients treated for head and neck cancer.
